Secondary organic aerosol (SOA) is known to impact both climate and air quality, yet molecular-level composition measurements remain challenging, hampering our understanding of SOA formation and evolution. Here, we reveal the importance of underestimated reaction pathways for the (trans)formation of SOA from monoterpenes, one of the largest SOA precursors globally. Utilizing mass spectrometric techniques to achieve a comprehensive characterization of molecular-level changes in the SOA, we were able to link the appearance of high-molecular weight (HMW) organic molecules to the concentration and level of neutralization of particulate sulfate. Interestingly, this oligomerization coincided with a decrease of highly oxygenated molecules (HOMs). Our findings highlight the role of particle-phase processing, and the underestimated importance of sulfate aerosol for monoterpene-SOA formation. The observations of these processes directly in the atmosphere reveal the need to account for the formation of HMW oligomers to fully understand the physicochemical properties of organic aerosol.
INTRODUCTION
The largest mass fraction of atmospheric fine particulate matter (PM 2.5 ) is generally organic, dominated by secondary organic aerosol (SOA) formed from the gas-phase oxidation of volatile organic compounds (VOCs). [1] [2] [3] Biogenic VOCs (BVOCs), such as isoprene and monoterpenes, are typically the most abundant SOA precursors, especially in regions of dense terrestrial vegetation. Understanding the physical and chemical processes associated with SOA formation and properties is crucial to properly evaluate their impacts on climate and human health. 1, 2, 4 Despite decades of research, many substantial questions remain concerning how SOA forms and evolves in the atmosphere under different conditions. One reason is that the processes governing atmospheric SOA composition take place in both gas and particle phases, as well as at their interface. Thus, measurements of only one of these phases provides an incomplete picture as the importance of exchange between phases remains undetermined.
α-Pinene (AP) has been the focus of a wealth of studies on SOA formation, 2 as it is the most abundant monoterpene emitted from terrestrial vegetation, 5 and is a major contributor to SOA mass globally. 6 Gas-phase oxidation of AP leads to a large variety of products containing a wide range of chemical functional groups. [7] [8] [9] These products, especially the highly oxygenated molecules (HOMs), are expected to have low vapor pressures and to significantly contribute to the formation of new particles in the atmosphere. 7, 9, 10 While the importance of acid-driven reactions in SOA formation from isoprene oxidation products has been highlighted in laboratory, [11] [12] [13] [14] field, [15] [16] [17] [18] and modeling studies, 19, 20 multiphase chemistry involving other SOA precursors, such as monoterpenes, or the acid-driven pathways to oligomer formation, have received much less attention. Nonetheless, laboratory investigations have proposed different chemical reactions (e.g., hemi-acetal) to occur within the aerosol phase, [21] [22] [23] while other studies have suggested that some of these, such as hydration or esterification, might be thermodynamically or kinetically unfavorable under atmospheric conditions. 24, 25 However, the formation of high-molecular weight (HMW) compounds in both acidic 11, [21] [22] [23] [24] [25] [26] [27] [28] and non-acidified 29 wet aerosol particles from the oxidation of other biogenic compounds have been reported. As an example, a recent laboratory study has revealed that HMW compounds contribute to a larger fraction of AP-derived SOA formed on deliquesced ammonium sulfate (AS) seed aerosols compared to effloresced AS seed aerosols. 29 All these different studies suggest a complex combination of uncharted chemical and physical mechanisms contributing to SOA formation, especially in the presence of sulfate aerosols. Importantly, direct observations of such reactions in the atmosphere remain unclear and/or missing.
The conversion of gas-phase oxidation products of monoterpenes to the particle phase is the first step in monoterpene-derived SOA formation. This is likely followed by multiphase chemistry, which earlier laboratory investigations have proposed to be of equal, or even greater importance. [21] [22] [23] However, the relevance of multiphase processes on the formation and evolution of atmospheric SOA remains unclear without detailed ambient observations. This provided the motivation for the present study, where we investigated the formation of HMW compounds directly in the atmosphere, which helped guide further targeted laboratory studies for elucidating of their key formation processes. In both field and laboratory studies, we utilized comprehensive mass spectrometric characterization techniques to understand monoterpene-derived SOA composition under different sulfate loadings and ammoniumto-sulfate ratios. Our findings suggest that extremely low-volatile oligomers represent a major fraction of SOA in the boreal atmosphere in the presence of sulfate aerosol, highlighting the importance of heterogeneous transformations of SOA.
RESULTS AND DISCUSSION
Evolution of monoterpene-SOA products in the boreal forest In order to investigate the impact of multiphase chemistry on the chemical composition and evolution of monoterpene-derived SOA, we targeted the boreal forest where monoterpenes are the primary source of SOA. Interestingly, relatively high concentrations of sulfate were observed during the campaign ( Supplementary  Figs. 1 and 2 ) and back-trajectory analysis revealed that most of those air masses originated from Russia and more specifically from the Kola peninsula ( Supplementary Fig. 2 ), where smelters and refineries emit large amounts of SO 2 . To get additional insight into the relation between sulfate and SOA, we utilized state-of-the-art online mass spectrometry. As a first step, the relative intensity of organic fragment ions with m/z > 85 Th measured by an aerosol mass spectrometer (AMS) was used as an indicator of the existence of oligomers in SOA. 14, 29 In our dataset from the SMEAR II station 30 in Southern Finland, we found a clear link between these organic fragments and the sulfate measured by an Aerodyne Long Time-of-Flight Aerosol Mass Spectrometer (L-ToF-AMS). In addition, this ratio was found to remain relatively constant around 0.16 for ammonium-to-sulfate molar ratios above 0.9 and increase for lower ratios ( Fig. 1a and Supplementary Fig.  3 ). A prominent enhancement was observed during the periods with highest sulfate concentration and lowest ammonium-tosulfate ratio, which resulted from the large SO 2 emissions over the Kola peninsula. During the ensuing~800 km traverse to the station, monoterpene oxidation products condensed onto these particles forming SOA. As amine and ammonia emissions over this forested area are generally very low, [31] [32] [33] the sulfate likely kept the aerosols fairly acidic as further supported by an aerosol thermodynamic model. 34 As shown in Fig. 1a and Supplementary Fig. 3 when the molar ratio dropped below~0.9, the aerosol acidity increased significantly. It is conceivable that the SOA precursors stayed roughly constant over the time period shown in Fig. 1 , but were influenced by variable concentrations and levels of neutralization of sulfate aerosol as a function of air mass trajectories. The composition of the gas-phase (e.g., NO x , O 3 , HOM; see Supplementary Fig. 1E ), 35 was not impacted by the sulfate rich air masses, as revealed by collocated measurements, indicating that SOA precursors remained largely the same. The relative humidity was always above 50% with a mean of 87.3 ± 13.4% throughout the campaign suggesting that particles containing sulfate (and/or nitrate) were most probably also deliquesced with the liquid water content (LWC) being closely linked to fraction of sulfate (and nitrate) within the particle phase. Aerosol acidity and LWC could only be estimated for the limited period when L-ToF-AMS data is available. Due to the low loadings of particulate ammonium, the thermodynamic model could not utilize the Aerodyne Aerosol Chemical Speciation Monitor (ACSM) data, which is available for the entire duration of our measurements.
For a molecular-level characterization of the SOA, we also deployed a Filter Inlet for Gases and AEROsols (FIGAERO) interfaced with an Aerodyne high-resolution long time-of-flight chemical ionization mass spectrometer (L-ToF-CIMS), equipped with iodide (I − ) reagent ion chemistry. It is important to mention that due to instrumental problems, the L-ToF-AMS had only limited overlap with the FIGAERO-HR-CIMS. Among all the products identified, previously reported monomers and dimers with molecular formulas C 8-10 H 12-18 O 3-10 and C 17-20 H 20-36 O 3-10 , respectively, [36] [37] [38] were observed throughout the campaign. Figure  1c and Supplementary Fig. 1 indicate that the relative concentrations of previously identified HOM-dimers and HOM (defined as C [17] [18] [19] [20] H x O y and C 9-10 H x O >6 ) decrease with increasing sulfate concentration. Meanwhile, formation of HMW compounds (m/z 500-800 Th) in the presence of high concentration of sulfate was also observed (Fig. 1d) . However, due to the limitation of the mass resolving power of the instrument and the lack of internal mass calibrant, molecular composition of compounds above roughly m/ z 500 Th could not be determined unambiguously. Large signals were also observed for some lower mass ranges, which might result from the thermal decomposition of HMW oligomeric products in the instrument, 39, 40 but this cannot be verified solely using our ambient data.
Laboratory investigation of the evolution of AP-SOA products To better understand our ambient observations, SOA formation experiments using AP as a precursor were conducted. AP-derived SOA was generated in the newly constructed "COALA" chamber using realistic atmospheric conditions with and without seed particles composed of AS or ammonium bisulfate (ABS), under different relative humidities (RHs) to probe the effect of different sulfate aerosols on the chemical composition of the SOA. An overview of the measurements is presented in Supplementary Fig.  4 and Supplementary Table 1 .
While the effect of seed aerosols on SOA yields were strongly dependent on the experimental conditions, the presence of seeds greatly impacted particle (Supplementary Figs. 5A-C) and gasphase (Supplementary Figs. 5D-F) chemical compositions. In order to better highlight the differences between SOA formed in the presence of seeds, either AS or ABS (w/Seed) and in their absence (w/o Seed), the ratios (w/Seed:w/o Seed) of each carbon-oxygen number combination were calculated. Figure 2 shows the changes in particle composition as a function of the seed aerosol type and RH. As expected, addition of effloresced ( Fig. 2a) and deliquesced ( Fig. 2c ) AS seed aerosols led to the condensation of a wide variety of compounds explaining the overall increase in the SOA mass in comparison with the experiments performed without seed aerosols. The addition of acidified seed aerosols yielded the most noticeable changes in the SOA mass and composition, relative to SOA particles formed without seeds or on AS seeds (Figs. 2b, d ). The mass spectra of these particles exhibit lower number of oxygen atoms and shorter carbon skeleton. In addition, ions corresponding to HOM-monomers and all HOM-dimers were significantly less intense in particles formed in the presence of acidic aerosols. This finding supports our results from the field observations that sulfate likely enhanced the further reactions of HOM-dimers and monomers. The effect of seeds on particle composition can also be visualized using the double bond equivalent (DBE) instead of oxygen content ( Supplementary Fig.  6 ). Supplementary Fig. 6A , C show that AP-derived SOA particles formed in the presence of AS seed aerosols show relatively small changes in DBE distribution by comparison to particles formed in the presence of ABS seed particles ( Supplementary Figs. 6B, D) . These particles show large increase in the concentrations of high-DBE compounds. Supplementary Figs. 7 and 8 depict the same data as in Fig. 2 and Supplementary Fig. 6 , respectively, but the absolute change as the difference rather than the ratio. Greater presence of such products is likely due to the decomposition during the thermal desorption of particle-phase constituents, such as HMW. 39, 40 Fragments are then detected as high-DBE C 6 -C 8 H x O <5 molecules. While unlikely to happen at the temperatures used by the FIGAERO (up to 200°C), we cannot fully rule out potential contribution from charring process to the increased DBE. 41 As the observed particle composition was strongly dependent on whether SOA was formed alone or on seeds, similar changes can be expected also in the gas phase. A comparative treatment of the gas-phase data is presented in Fig. 3 and shows no major difference. For example, the large relative increases of particle-phase compounds with two O-atoms was not reflected in the gas phase. As we would expect such less oxidized and smaller products to be volatile and efficiently evaporate from the particles, the lack of changes in the gas-phase composition supports the idea that the compounds observed in the particle phase resulted from the decomposition of HMW compounds during the thermal desorption. We further investigated the presence of such high-DBE fingerprint molecules (C 6 -C 8 H x O <5 ) in the SOA sampled in the boreal forest as the mass spectrum of aerosols generated in the COALA chamber in using ABS seed aerosol presents the similar marker compounds as SOA sampled during sulfate plumes as revealed in Fig. 4 . In other words, by using ABS seed aerosols we were able to reproduce SOA sampled during a sulfate episode in the boreal forest.
As shown in Supplementary Fig. 9 , the relative concentration of those compounds increased in the presence of high sulfate loadings and seem correlated with the formation of HMW compounds. Furthermore, we found that the relative concentrations of C 6 -C 8 H x O <5 are anti-correlated with the relative HOM-dimer and monomer concentrations. This suggest that presence of sulfate aerosol promotes multiphase reactions, and leads to the formation of oligomeric compounds, 14, 25, 26 which likely decompose during the Fig. 2 The relative changes in the abundances of SOA products, identified by the FIGAERO-HR-CIMS, in the particle phase upon addition of sulfate seeds during AP ozonolysis in the COALA chamber. Changes are quantified by the ratios indicated in the legends and depicted using the (logarithmic) color scale, and presented as a function of the number of oxygen and carbon atoms in the identified molecules. Each data point is the sum over several ions with different number of hydrogen atoms. a and c represent the experiments performed with AS under dry and humid conditions, respectively, while b and d represent the experiments conducted with ABS under dry and humid conditions, respectively Fig. 3 The relative changes in abundances of gas-phase products upon addition of seed aerosol during AP ozonolysis in the COALA chamber, as identified by the FIGAERO-HR-CIMS. The changes are depicted using the (logarithmic) color scale and presented as a function of the number of oxygen and carbon atoms of the identified molecules. Each data point is the sum over several ions with different number of hydrogen atoms. a and c represent the experiments performed with AS seed aerosols under dry and humid conditions, respectively, while b and d represent the experiments conducted with ABS seed aerosols under dry and humid conditions, respectively thermal desorption of particle-phase constituents that are then detected as high-DBE C 6 -C 8 H x O <5 molecules.
Formation of oligomers impacts SOA mass and properties As presented in Fig. 5a , the contribution of the organic ion fragments above m/z 85 Th to the total organic signal shows a seed acidity dependence in the COALA chamber. It is important to distinguish the two different types of dimers that are expected to be present in particle phase. The HOM-dimers, identified by iodide chemistry, are believed to be products of gas-phase RO2 + RO2 chemistry 7 while HMW compounds, are mainly generated through particle-phase processes. HOM and HOM-dimers are expected to contain multiple hydroperoxide moieties when formed in the gas phase, and are likely to undergo decomposition within the particle phase. [42] [43] [44] [45] Although we cannot exclude that HOM-dimers also yield high-DBE products, presence of acidic aerosols greatly enhanced the concentration of these products, which is correlated with the largest presence of HMW compounds. In sum, we believe that two competitive processes occurred within the particle phase: decomposition of HOM-dimers and formation of HMW product as measured by our mass spectrometers. In addition, the contribution of known HOM-dimers and HOMs measured by the FIGAERO-HR-CIMS also decreased, similarly to our field observations when sulfate increased. Interestingly, within the m/z range of 400-600 Th, the identified HOM-dimers contributed~70% without any seed aerosols and with effloresced or deliquesced AS seed particles (Table S1 ). Upon addition of acidic seed aerosols, this Fig. 4 Aerosol composition of SOA sampled with different aerosol sulfate concentration. a The mass spectrum generated in the presence of ABS under dry conditions presents similar marker compounds (i.e., ions at m/z 299 and 313) as obtained from the OA collected during sulfate plumes (21-23/09) in the boreal forest. b Mass spectra of aerosols sampled during and outside a sulfate plume contribution decreased significantly (35% for ABS dry), suggesting the formation of other oligomeric compounds (i.e., HMW compounds), that contribute up to 80% of the signal within the m/z range of 400-600 Th. In other words, the decrease of known HOM-dimers with increasing acidity, shown both for ambient (Fig.  1c) and chamber studies ( Fig. 2 and Supplementary Table 1) , counterintuitively seems to relate to particle-phase reactions causing a net increase of oligomerization. This is further supported in Figs. 1d and 5b, which shows that the formation of larger oligomers, compounds up to m/z 800 Th in the FIGAERO-HR-CIMS, increases as a function of sulfate aerosol.
Acid-driven reactive uptake of oxygenated species, including epoxides, hydroperoxides, and aldehydes has been previously reported, indicating that the gaseous phase can be greatly impacted by the presence of acidic aerosols. For instance, earlier studies proposed a mechanism that involves the reactive uptake of pinonaldehyde, the most abundant oxidation product from the oxidation of AP, 14, 46 that can undergo in-particle acid-driven dimerization via aldol condensation and/or gem-diol formation.
14, 26 Here, we also found that all gaseous aldehydes formed from the AP ozonolysis decreased with increasing aerosol acidity, as revealed in Fig. 6a . In addition, hydroperoxides have also been proposed to be important intermediates in the formation of oligomers 47 and moreover, HOM-monomers and HOM-dimers are expected to contain one or more hydroperoxide functional group. Therefore, acid-driven reactions of such products could have also participated in the formation of HMW compounds. However, heterogeneous processes might be impacted by the chemical composition of the aerosols. For instance, at low O:C ratios (i.e., O:C < 0.8) chamber experiments have reported a possibility for liquidliquid phase separation (LLPS). 48 While LLPS is something extremely challenging to look into, it can be expected that reactive uptake of gaseous species was likely not stopped due to potential LLPS in the experiments presented in this study. Indeed, recent studies have shown that, although reduced, the reactive uptake of isoprene epoxydiols still occurred. 13, 49 Due to the small organic loadings (i.e., corresponding to a coating thickness of~25 nm for SOA formed using ABS dry) generated onto monodispersed seed aerosols heterogenous processes were likely not inhibited, but potentially slowed down, especially under dry conditions. 49 Additional support of oligomer formation is presented in Fig. 6a by independent composition measurements using a single particle mass spectrometer (miniSPLAT), 50 which clearly shows a significant increase in the relative abundance of fragment ions above m/z 200 Th for SOA particles formed on ABS seeds compared to AS or experiments without seeds (Fig. 6a) . Large formation of oligomers in the aerosol formed from heterogeneous processes is expected to decrease its volatility. While volatility measurements of AP-derived SOA have been reported already, the different studies focused only on the volatility of SOA formed without or in the presence of AS seed aerosols. [51] [52] [53] Here, we determined SOA volatility in the absence and presence of dried (AS and ABS) seed particles, using an isothermal evaporation method. 51 The evaporation kinetics (Fig. 6b ) clearly show that AP-derived SOA formed on dry AS seeds evaporates at nearly identical rates as homogeneously nucleated SOA, and that after~24 h of evaporation these particles retained 35% of their volume. In contrast, AP-derived SOA formed in the presence of ABS at low RH shows slower evaporation, and most importantly, these particles retained 78% of their volume after 24 h of evaporation. Assuming that the vast majority of the resulting particles' volume was composed of nearly non-volatile compounds, i.e., oligomers, a twofold increase in oligomer content due to aciddriven chemistry is expected, consistent with the chemical analysis presented above. This is further underlined in Fig. 6c , which shows that the intensity of ions at larger m/z relative to the total signal substantially increases with evaporation time, indicating a greater contribution of HMW compounds to aerosol mass. The strength of the room-temperature evaporation method in determining Fig. 5 Impact of aerosol acidity on the gas and particle-phase composition. a Changes in the relative concentrations of HOMmonomers (C 9-10 ) and HOM-dimers (C [17] [18] [19] [20] , and organic fragments with > m/z 85 Th, in the particle phase as a function of aerosol acidity measured in the COALA chamber. b Changes in the concentrations of the AP-derived SOA products with a range of MS signatures as measured the FIGAERO-HR-CIMS as a function of aerosol acidity. c Changes in the gas-phase concentration upon seed addition of the aldehydes, identified by the PTR-ToF-MS, formed from the ozonolysis of AP as a function of aerosol acidity volatilities is that, unlike thermal denuders such as the FIGAERO, it avoids the thermal fragmentation discussed earlier. Indeed, thermal decomposition of the oligomers present in organic aerosol can lead to a misinterpretation of the SOA volatility (Fig. 6d) . 39, 40, 52 These findings, together with our other results, suggest that extremely low-volatile oligomers represent a major fraction of SOA in the boreal atmosphere in the presence of sulfate aerosol. As our ambient findings were verified under controlled laboratory settings, it highlights the importance of heterogeneous transformations promoted by un-neutralized sulfate aerosol for the formation, aging, and properties of SOA. Such processes have been a major focus in studies of isoprene, but this work emphasizes the need to account for particle-phase processing for all major biogenic emissions.
METHODS
An Aerodyne L-ToF-CIMS, equipped with iodide (I − ) reagent ion chemistry and coupled to the FIGAERO was deployed at the Station for Measuring Ecosystem Atmosphere Relations (SMEAR II) located in Hyytiälä, in southern Finland, during September 2016. Ambient air was continuously sampled through two inlets (~0.5-m long, 1.0-cm outside diameter): PTFE (perfluorotetrafluoroethylene tubing) with flow rates of ∼10 and 15 liters per minute (Lpm) for gas-and particle-phase measurements, respectively. Additionally, an Aerodyne Aerosol Chemical Speciation Monitor (ACSM) and an Aerodyne Long Time-of-Flight Aerosol Mass Spectrometer (L-ToF-AMS) were used to determine the molecular composition of fine ambient aerosols; see Supplementary Methods for more details.
Chamber experiments were performed in the newly constructed atmospheric simulation chamber for Comprehensive molecular characterization of secondary Organic AerosoL formation in the Atmosphere (COALA chamber). The cuboid chamber is made of FEP and has a volume of 2 m 3 (1.1 x 1.1 x 1.65 m) and a volume to surface area ratio of 0.20 m. The chamber was operated under steady-state conditions; meaning that a constant flow of reactants, oxidants and particles were continuously added to the chamber. Under the conditions used in this study, the average residence time in the chamber was~50 min and steady-state concentrations of AP and O 3 were~20 and 80 ppb, respectively. The ozonolysis experiments were conducted in the absence of an OH scavenger at roomtemperature (27 ± 2°C) and atmospheric pressure. Acidified or nonacidified ammonium sulfate seed aerosols were generated by nebulizing aqueous solutions of AS and AS with sulfuric acid (ABS), respectively. Seed aerosols were introduced into a dryer and size selected using a differential mobility analyzer (DMA). Eighty nanometer size-selected AS or ABS particles were then either injected directly into a dry (RH < 1%) chamber (AS dry/ABS dry conditions) or exposed to a humidity >80% to produce deliquesced aerosols prior to injection into a humid (RH 46 ± 2%) chamber (AS deli/ABS deli conditions). Aerosol size distributions were continuously Fig. 6 Impact of aerosol acidity on particle-phase composition and aerosol properties. a Normalized (using peak intensity) SOA mass spectra measured with miniSPLAT in the PNNL chamber without seed (black) and with effloresced AS (orange) and ABS (red) seeds. b Comparison of the organic volume fraction remaining (VFR) between the room-temperature evaporation kinetics of size-selected SOA particles: fresh APderived SOA w/o Seed (black), AP-derived SOA with effloresced AS (orange) and AP-derived SOA with ABS (red). c Normalized mass spectra of AP-derived SOA with ABS particles before and after 1000 min of the evaporation. d Average total thermogram of AP-derived SOA generated without seed aerosols (black) and in the presence of effloresced AS (orange) and ABS (red) seed aerosols obtained with the FIGAERO-HR-CIMS. The reason for the ABS-SOA coming off earlier is believed to be due to thermal decomposition of oligomers measured using a DMPS in order to monitor aerosol size distribution, see Supplementary Methods for more details.
The gas-and particle-phase composition of AP-derived oxidation products were characterized using the same iodide adduct FIGAERO-HR-CIMS as the one deployed at the SMEAR II station. Iodide-HR-CIMS has been described previously and demonstrated to have high sensitivity towards multifunctional oxygenated organic compounds in the gas and particle phases. 39, 42, 54 Analyses were restricted to ions containing an iodide adduct, which guarantees detection of the parent organic compounds without substantial fragmentation. The instrument was operated using reagent and sample flow rates into the Ion-Molecule Reaction (IMR) chamber of the instrument were 1 and 2 Lpm, respectively. The IMR was temperature controlled at 40°C and operated at a nominal pressure of 100 mbar. 55, 56 The FIGAERO was operated in a cyclic pattern; 45 min of gasphase sampling and simultaneous particle collection, followed by 45 min desorption of the SOA mass collected on the filter. The temperature of the N 2 was ramped at 15°C min −1 from 25°C to 200°C, where it was held for 30 additional minutes to ensure all detectable organic material was removed from the filter. Gas-phase blanks were performed by sampling the gas phase for 1 min through two carbon strip denuders (Pall) and a HEPA (Pall) filter at the beginning, the middle and the end of each gasphase sampling period. After two consecutive SOA samples, a filter blank was conducted by sampling the aerosol through a HEPA filter for 45 min. The sensitivity of the instrument was continuously monitored by adding a constant flow of labeled ( 13 C) formic acid (Sigma-Aldrich, 99%) into the gas-phase inlet. It is important to mention that neither the blank measurements nor the use of labeled formic acid as internal standard were used during the field campaign.
In addition, the particle-phase molecular composition was measured by an L-ToF-AMS. Due to the small sampling flow rate of the instrument, an overflow was used to avoid losses in the inlet line. In the COALA chamber, the overflow was 1 Lpm whereas at the field site, a 3 Lpm overflow was used. A nafion dryer was used in the sampling line in both locations with 4 Lpm dry air flushing. During the field campaign, a PM 2.5 cyclone was also placed at the beginning of the inlet line. It should also be noted that the instrument was placed in an air-conditioned container, which had a higher temperature compared to the outside air. The ACSM shared the inlet with the L-ToF-AMS. Due to instrumental problems, the L-ToF-AMS was not measuring throughout the field campaign and have limited overlap with the FIGAERO-HR-CIMS. The ACSM was used to fill the measurement gaps.
The particle size distribution and number concentration were characterized using a custom-built Differential Mobility Particle Sizer (DMPS), gasphase concentration of AP was retrieved using a a proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS); see Supplementary Methods for more details.
Additional chamber experiments were performed at the Pacific Northwest National Laboratory. Experimental conditions were similar to the ones used in the COALA chamber. Experiments were conducted in a batch mode at room-temperature, atmospheric pressure, and low relative humidity. Chemical composition, as well as the particle vacuum aerodynamic size distributions, were periodically measured using a single particle mass spectrometer (miniSPLAT). For all experiments conducted at PNNL, miniSPLAT was used to characterize the size, density, shape, and chemical compositions of individual particles during the AP ozonolysis with or without seed aerosol. 50 ,57 miniSPLAT has been previously described in detail. 50 Briefly, aerosol particles are sampled through a 100 μm flowcalibrated critical orifice at a flow rate of 0.1 L min −1 and focused into a collimated particle beam in the aerodynamic lens inlet for efficient transmission into the sizing region. Each particle is detected by light scattering at two optical detection stages to yield individual particle velocity, which is used to determine particle vacuum aerodynamic diameter (d va ) with precision better than 0.5%. 50, 57 Both detection events are also used to time the triggering of a pulsed desorption/ionization excimer laser, operated at 193 nm with an output energy of 0.8-1.2 mJ per pulse, and acquire individual particle mass spectra. Each data point reported in this work represents the analysis of~2000 individual particle mass spectra. In addition to sampling of the polydisperse particle flow, miniSPLAT was used to characterize d va and mass spectra of mobility-and mass-selected particles to yield quantitative information on particle density or effective density, shape, and composition as described elsewhere. 13, 50, 58 To measure evaporation kinetics, size or mass-selected particles were passed through the two inline denuders, kept at room-temperature and used to remove gas-phase organics. The monodispersed particles were loaded into the evaporation chamber that was partially filled with activated charcoal and kept at room-temperature, ambient pressure, and low ( < 5%) RH. Typical duration of the evaporation experiments was~24 h, during which particle shape, vacuum aerodynamic diameter (d va ), density, and mass spectra were periodically characterized as a function of evaporation time using miniSPLAT, as described in detail elsewhere. 51 While the particle number concentration in the evaporation chamber decreased due to wall losses and perdiodic sampling, these losses had no effect on the evaporation rates, which were quantified by measuring changes in particle d va , with 0.5% precision. Since the spherical SOAcontaining particles did not change their shape during evaporation process, and the density of SOA increased only by < 2% during early stages of evaporation and remained constant thereafter, the observed changes in d va can be directly related to changes in volume fraction of organics, considering the contribution of sulfate seeds.
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